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By H. Gropp

Unfortunately for the large number of flight enthusl-
asts, excopt for some advances made immediately after the
World War, there has becn no important development 1in the
cheap, llght nlrplane field. One of the maln reasons for
this moy be consldered the lack of sultable engines. The
object of tho present paper is to conslder the 1lnteraction
of engine, propeller, and alrplane for this low-power
range, the discussion being presentcd in such a form as to
provido the engine builder with a basls in his selection
of the type of ongino roqulrod, a sultable selection belng
poeslble only in connection with considorations on the
best possible propeller. Guilding rules and inetruction in
the deslign of o propeller are found only very rarely 1in
englnooring literature. Although the thooretical treat-
mont of thls problem is unsulted for the restricted limlts
of o handbook or a short article, it is nevertheless de-
s8lrnblo thoet at loact a discusslon be given as to the
cholece of a propellor on the baslis of wind-tunnel measuro-
ments togethor with the characteristics and dimensions of
several famllies of provollors.

For the purpose of a gonoral dlscussion, the experil-
montal data for a single family of propollers are not suf-
fliclent. We shall therefore make use of a serles of en-
velopes whoso congtruction is shown in figure 1. The
curvos are plotted 1n the usual coordinates, the power co-—

efficlont Ky = 6.16 —%

P ng
output in horsepower, p the alr density = 1/8 at sea
levol, ng the speod in revolutions per second, and D

tho dinmoter in metors) being takon as ordinates against

o5 (vhore N 1s the engine

#*Yliotorgleltor und Leiéhtfiuggeugo. Bctruchtungen uber
lintoren und Luftschrauben." Flugsport, vol. XXIX, no.
24, November 24, 1937, pp. 663-671.
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in meters per second) as absclssas. The figure gives the
curves of equal efficlency, for 1 = 80 percent, of slx
proveller families (reforence 1). Below and to the left
of these llnes the provellers of the system give lower
efficlency; above and to the right, hlgher effilclency.
About the corresvondling curves of cach of tho families,
an envelope ls drawn, and this envelope indicates, with a
certain degree of accuracy, the reglon wlthin whilch, 1n
the present state of development, an efflcloncy of at
least 20 percent may be attalned by the usual methods.

the ratio A = 0,318 (where v 18 the air velocity

In selecting a propeller it is to be taken from that
famlly of propellers whose characteristlc curves colnclde
with or lie closest to the envelove. As seen from the
dliagram, the distance between the envelope and propeller
chargcteristics 1s considerable at some places. The gap
would be fllled out by a family of propellers whose blade
number, blade plan form, and blade width lie between the
two famllles touchlng the envelope near this gap. The re-
glon between the three-blade propeller described in ref-
erence 1, and the four-blade propoller with HO/D =1
thus belongs to & three-blade family whose dimensions and
characteristics, however, are unknown.* Figure 1 and the
dlsgrams derlved from it are therefore not sufflcient for
all cases of propeller design. They glve only the best
atteingble values as regards efflciency, dlameter, and
speed, but vProvide no informaetion as to the blade number,
.pitch, nlan form, etec. Figure 2 shows these envelopes
Plotted for the total efficiency range that is met with in
practicc. The scale 1s logarithmlc for both axes. Since,
in the discussion on light airplane englnes that follows,
the maximum allowable speed of rotation and smallest possl-
ble diameter are factors of importance, there are shown on
the filgure two curves which satisfy these conditions.

They reprosent tho connecting curvos between the points of
contact of the lines of equal efficlency with straight
lines of a definite slope, the stralght llines belng de-
rived as follows.

N
Substituting in the formula Xz = 6.16 —————2g for
. p ng® D

*Further data on metal propellers with two or three blades
and on the effect of blade plen form and pltch distribu-
tion, will shortly be publisghed in Flugsport.
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ng, the value 0,318 37z and for D, 0.318 XIE, and com-

bining the gproduct of v, N,.p .and the numerical coeffi~

clents by the single constants ¢ ...., we obtain Kz =
.A3 : .

Cx Sr and' K3 = ¢4 A® ns‘. From these 1t follows for

D = constant, that K; = cs A, and for n, = constant,

8
Eq-= cs A% Both of these equatlons are represented in

the lagarithmic coofdinate'a?atem by straight lines with

‘the requlred slopes.

In order to obtain a clear pilcture of the interaction
between the engine, propeller, and airplane, 1t is neces-
sary to assume certain simplifications. It 1s first as-
sumed throughout that the alr density is the same; namely,
that corresponding to sea-level flight. The englne power
N, 1s next brought into relation with the atrplane speed
ve If we consider the most important flight condition in
the case of power gliders and light eirplanes - namoly,
flight with maximum velocity of oclimb -~ only slight differ-
ences appear wlth respect to the ailrplane speed under this
condlition. To keep the power regqulired low, we must consid-
er our cholce of wing loading. Furthermore, since the
shape of the polar, and hence the value of the 1lift coeffi-
clent for flight with high climb velocity, can only be
8lightly affected for a machine with a 20-horsepower en~
glne, for example, the alrplane speecd for which the high-
est propeller efficlency is obtained, always remains prac-
tically the same. This velocity may be assumed to lie be-
tween 65 and 70 kilometers per hour (40 and 45 niles per
hour), With increasing engine power the wing loading in-
oreases, slnce the power loading in general decreases, and
there 1as theredy obtalned in spite of the higher power re-
quirement ~ or rather, in spite of the higher slnking ve-
loclty = a gufficient.climb veloclty.

Flgure 3 ghows the relation between the engine power
and the velocity of flight for the most rapid climb. The
curve represents the mean values of a very large number of
computation results. A Purther Justification for the par-
tlcular choice of climbing flight as the basls for our
congideration is not necessary since gll light-alrplane
pilots are agreed that crilsing flight and, in particular, .
level flight at full .throttle, yleld in .importance when
compared with climb after take-off or in difficult country.

The firest and ﬁost inportant question in selecting a
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- propeller ls that of the best effleclency that can be at~
talned for the given revolution sveed and power (the
eirplane speed is obtalned from fig. 3) and how large
willl be the propeller diameter. The answer 1s glven by
figure 4, which 1s based on the curve of maximum revolu-
tion speeds (fig. 2)., It 1s generally known that the
efflclency of a low-speed propeller 1s bvetter than that
of a high~speed propeller. Since, on the other hand,
light alrplane engines generally operate at hlgh speeds,
thaet voint of the propeller characterlstle must be taken
which corresponds to the maximum revolution speed.  Again,
in the case of geared englnes with high reduction ratilos,
the propeller diameter becomes incoavenlently large. In
this case the point of the characterlistic is to be chosen
at which the diameter 1s the minimum.

As gshown by the curves for np,, and Dp4y 1in fig-

ure 2, the propeller with highest speed, for a glven eof-
ficlency, is not simultaneously the one with the smallest
dlgmeter, Within the ranze that occurs in practice, how-
ever, the differences are so slight that a separate consid-
eration of these two cases 1s hardly worth-while. The
case of maximum revolutlon speed 1s the only one there-
fore that has been ugsed as a basls for the followlng com-
putations and curves. It may be seen from flgure 2 that
the digstance between the two curves decreases with 1n-
creasing efficiency. At the maximum value of the latter
the two curves colnclde.

Figure 4 shows curves of equal efficlency and squal
diameter as functions of englne vower (airplane speed) znd
engine speed., The curves were computed wlth the aid of
the known K3 and A formulas In which, for a deflnite

efflciency, the values of the propeller characteristics
obtained from the Dpgx CUTVE were substituted. Polnts

are also indicated on the figure which correspond to the
light-airplane-engine-designs of the last ten to fifteen
years. The curves show that for an englne, for example,
of 20 horsevower and 3,000 revolutione per minute at a
forward speed of about 66 kilometers por hour (40 miles
per hour), only 60 percent may, in the most favorable
caese, bo utilized. The corresponding propeller diameter
will be less than 1.2 meters (3.94 foeet). It 1s to be
noted narticularly that the choice of a larger digmeter
would show no advantages. The efflciency will be reduced
as long as the revolution sneed is not lowered. Only for
the thrust at standstlll would a slight advantage result



N.A.,C.A, Technical Memorandum No. 850 5}

8lnce the disk loading will be lower, whereas the effi-
clency £, namely, the ratlo of the actual to the theo-
retically attainablé thrust, will be practically unchanged.
Since, however, the velocity in take-off comes sufficient-
ly close to the velocity for maximum c¢limb, for which the
efflcioncy wlill agaln become lower than that for the
samaller dlameter propeller, there is hardly any advantage
gained in increasing the propeller dlameter above that
based on the best value for the climd conditiomr, even for
the teko-off,

It follows from figure 4 that the attalnment of the
absolute maximum efficiency of 88-89 percent = only the
free Jot efficlencies are here considered; losses through
mounting the proveller are still to be taken into account -
requires very low speeds and inconvenlently large dlame-
ters. An efficiency of 80 percent will, in the case of a
20~horscpowver engine, be attalned only at a speed of about
750 revolutions per minute, and at a diameter of more than
2.5 meters. .

With lncreasing power the efficlency relations become
more favorable - & consequence of the relatlon between en-
€lne power and airplane speed. With engines of higher
power therefore somewhat higher rotational asveeds may bo
usced. An improvement is also attainable in the lower range
for powors lees than 20 horsepowor. In this case tho im=
provencent results from the rapildly decreasing dlek loading
due to the lowered engine power, while the forward velocw
ity only slightly decreases since a wing loading of less
then 20 kilograms per square meter is hardly ever used,
even in the case of airplanes with very low englne power.
Ingines of about 20 horsepower are therefore the most ox~
acting as.rogards speed reduction. The propeller dlameter,
howvever, lncrecses with the power - the rise up to 20 .
horsepover being somewhat steeper. It is clearly ovident
from figure 4 that the majority of existing engines do not
admlt more than a 65-percent propeller efficlency in climbd-
ing flight. Only a few types attaln more than 75 percont.
In the lower power range,: it is the old Mercedes with 1ts
reduction ratio of 1:3, and several older 50-horsepower
low~gpeed 3-cylinder engines.

In order to be able to draw further conclusions, we
must now consider the engines more in dotall. In figure
5, the welghts per unit cylinder displacement in kilograms
por litor of the englnes of figuro 4, are plotted against
the total displacement. Within the range limited by the
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two thln curves, the dot-dmsh curve should represent the
practlical or safely attainadblo lower 1limlt for engines

not gear-driven. The corresvonding total weight is given
by the dashed stralght line. For the mean power rangs,

we may write Gkg = 20 + 10 Y where V denotes the total

cyllnder dlsplacement in liters.

Flgure 6 shows the mean effectlve pressures of 4- pond
2-stroke-cycle engines plotted against the cylinder vol-
ume. In splite of the conslderable scattering of the points,
no lmvortant effect of the cylinder dlsplacement can be es-
tablighed for the 4-gtroke-cycle engine., It 1s known that
the more powerful alrplane engines of 2-3 liter displace-~
ment, attaln the same pressures. In the case of the 2=
stroke—-cycle engines, the topmost poilnt corresponds to an
engline wlth a supoercharger. On account of the restricted
posslbllities of supercharging so small an engine and still
keeping the structure within reasonable limits, this point
will not be taken into consideration. Since the mean ef-
foctlve pressure shows no tendency to drop off as the cyl-
inder dimensions are increased, it 1s to be concluded thet
several of the englnes, including some that have for some
time beon. built outside Germany with definitely large cyl-
inders, were desligned somewhat "ovtimigtically." On ac-
count of thls uncertainty, we shall not consider the 2-
stroltg-cycle cngine, in splte of its higher power per unit
volume, and hence also, per unit wolght within a definlte
range.

For %he 4-gtroke-cycle engine, we set the mean effec~
tive pregsure as equal to B.5 atmospheres. We thus obtaln

Y = 106 g end G = 20 + 1,060 % (V = total displacement

in l1iters, N = horsepower, n = englne speed in revolu=-
tions per minute, G = engine weight).

Let us now conslder the followlng problem for a sin-
gle~ and two-sesater: A useful output, 1.e., engine outovut
times propeller efficiency, of 15 and 30 horscpower for a
geingle- and two-seater, respectively, is required. What
should be the spced of the engine in order that 1ts welght
should be a minimum, end how do weight, displacement vol-
ume, ond power supprlied to promeller shaft vary with the
design speed? The veclocity in climdb according to filgure 3,
1s asgumed as 66 and 82 kilometers per hour for single- and
tvo-~soater, respectively, corrcesponding to a power supplied
of 20 ond 40 horsepower for o single~ and two-seater, re-
spoctively. :
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Wo etart with the officlency 17, Detormino the re-
quired powor suppliod to the propeller shaft, and from.
.thls tho diomotor (only as an intormodianto value) and tho
rotationnl epeod; furthermore, the cylinder dieplacoment
and the wolght. The results are shown in figure 7, The
volumc docroases with lncreasing onglne speocd somewhat hy-
Porbolically; the wolght decroases rapldly at first, then
from 3,000 to 4,000 revolutioas ver minute, more slowly.
The powor supplied to tho proveller shaft increases corre-
spondingly to the decreasing efflciency. In order to ob=-
tain rs light englnes as possible, high englne speesds must
be used in spite of the acsoclanted lower propeller effi-
clenclos. This method is not, to be sure, economical,
since tho fuel consumption, as e resulf{ of the highor
powver suppliod to the propeller, 1s considerably hilgher
then is the case for low-spesd engincs. In increasing
tho spoed from 2,900 to 4,000 revolutions per minute, the
fuol consumption incroases by 20 percent. The curves of
figuro 7 cpply only for direct promcller drive.

In order to bring out the offect of the rotational
spced at constant ernglne power and the andvantages of o ro-
ductlion geor, the c¢limd outputs of n powored glider with
varlous cengines of oqual nower will be computed. We assume
a flying wolight of 275 kilograms with an engine of 20
horseonowor at 2,700 rovolutions por minute and 28.,5-kllo-
gram wolght (nécording to figz. 5) nnd a wing loadling of 20
Irllogrnms per square meter ~ that is, a wing area of 13.75
square netere; lowest ginking velocity, l.4 meters per
socond at 68 kilomeoters per hour flight veloclty. These
figures correspond approximately to what 1s meant by a
"powered glider" as specified in the requirements for com-
petlitive flylng,

Strictly speaking, it must be determined in each case
at whet velocity the best climd output 1s attained. Since
the proveller efficlency steadily increases with voloclty,
whereas the sinking velocity only slowly increases, the
greatost climd veloclty will be attained not at the veloc~
1ty of least power required, but somewhat above it. The
differonce, however, 1s so glight that 1t can be neglected
whon comparcd to the simplification attained by the asso-
clatlion of a.definite welocity with each engine power.

Figure 8 shows how the displacement and welght of a
direct-drive engine ~ always assuming the power supplied
to the propeller to be 20 horsepower - vary wlth the ro=-
tational speed. For a gear-driven engine the crank speed
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hes boen arbltrarily-fixed at 3,300 revolutions per minute.
As may be seen from the flatness of the curves of figure

7, the results are only slightly affected by the change in
speed. The dlsplacement becomes 0.64 liter. The 1ncrease
in weight resulting from the ugse of the gears, 1s mssumed
to be from 8 to 12.5 kllograme, dependling on the reduction
ratio - this welght including addltlonal masses for balanc-
ing the crankshaft so as to mecure smooth operation and in-
creascd welsght of the propeller on account of 1its larger
diamotor. Figuroc 8 shows that for propeller speeds below
1,350 revolutions per minute, a gear-driven engine gilves

a lighter construction than an engine directly driven, for
which the loss 1n outonut due to lowerod englne speed is
made up by increasing the cylinder dlsmlacement. Another
curve on figure 8 showa, for thlis varticular case, the de-
pondenco of the propeller efficiency on the rotational
spced.

From the values for engine welght and efflclency the
maximum climb veloclty was computed and the results plot-
ted on figure 9. At 1,350 revolutions per minute, the two
types of drive are agalr equivalent. The scale on the
right side 3lves the parcent change 1in the climdb veloclty.
At 1,000 revolutions per minute, there is o gain in climd
velocity of 30 percent for the direct-drive englne, and 33
percent for the gecar-driven engine above that at 2,700 rev-
olutions per minute. Tkisg difforence, for equal englne
output, is gso groat that 1t coems dpropcr to utilize this
advantage even 1f several difficulties ere involved that
nust be overcome.

Figure 9 shows two other curves that glve the lncrease
in propeller dlameter with decreasling speed. Since in most
of the cases a 2-meter propeller can still be used, no in-
supernble obstacles arc to bo met with from thlis sourco.

On closor examination of figures 7, 8, and 9, the on-
gine doslgncr 1s confronted with two tendencles which at
first slght appear to contradict cach other. If the least
posselble welght 1s required of an engine wiith a definite
useful outout - engine output times propeller efficlency -
then o distinctly high-spoed engine is the suitable one
to use, the speed not belng limited above by the propeller
silnce the efficiency decreases only very gradually in the
range ocbove 4,000 revolution per minute. The actual power
supplled to the propeller 1s not to be taken as a measure
of the outnut, but that outnut is to be considered which
ls converted into thrust. Such an engine wlll be uneconom-
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lcal, however, since 1t will have & very large fuel con-
sumption based on the useful power. On the other hend,
it - has the ndvantage of smaller dimeneions which, in con-
nection with the small propeller dismeter, results in a
power unit that provlides the fewest dlfflicultles as re-
gards mounting,

If, on the other hand, the economy - i.,e., the best .
vosslble utilization of the fuel -~ 18 the factor that 1s
glven chief importance, then the engine must run at low
speed or be provided with a reduction gear. It is here
aluays assumed that the specific fuel consumptlon is equal-
ly high for nll englnes. It is worth noting that for a
4-gtrolko~cycle engine which satisfles the formulas devel-
oped nvove, o gear first becomes necessary at propeller
speeds of less -than about 1,350 revolutlions per minute.
Above thls speed, a slow englne of large displacement has
the cdvantage. These relatlions hold strietly only for an
engine of 20 developed horsevower, but may qualitatively
be applied for other power ranges of the light-airplane
engine.

Two~stroke-cycle engines do not adapt themselves to
this general method of computation. In the first place
the useful pressure decreases with increasing cylinder
slze. Secondly, cylinders of more than about 250 - at most
500 - cubic centimeters, cannot be used at present since
at somewhat high mean effective pressures, the heat con-
ductlon cannot be controlled. Thirdly, on account of the
separate charglng pump required for the 2-stroke-cycle
englne, only a small number of cylinder arrangements 1ls
vosslble. For these small engines a useful, reliable com-
pressor would be of great value. In spite of all efforts,
however, no definite success has been. attalned in this
field,

From the point of view of the engine bullder, there
1s a tendency away from too low speeds, such as would be
required according to figure 9, The engine becomes large
and therefore also heavy although, and this agaln is par-
tlcularly stressed, the higher welght has already been
teken Into account in the comparison computation. Mass
balance mey be partly achieved through the use .of largse .
countorwelghts, while even rurning for a not particularly
heavy propeller estill remains unsatisfactory, These disg-—
advantages disappear when n gear is used. The engine then
again becomes smaller and the welght of the gear 1s not
excesslve when the speed 1s not reduced below the limiting
speed of 1,350 revolutions per minute.
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A disadvantage of 2 propeller with high-gear reduc-
tion 1s the difficulty 1in starting the propeller. This
difflculty can be removed, however, by the use of a start-
Ing lever that acts on the erankshaft,

Sunmarizing, the following concluding statements may
be made. Light-alrplane englnes are convenlently designed
as high~gpeed engines (the term "high-spoed" being under-
stood to mean speeds of 2,000 to 4,000 revolutlons per
minute)e In those cases whero a definite useful power, to
bo exprossod convenitlonglly by the maximum-climbd veloclty
of the rirplane, 1s to be attalned with the smanllest englne
wolght, the propeller shounld be the direct-drive type. If
oconontlenl opecration -~ thet 1sg, the best posslblo flight
perforacnce for a given power developed by tho engilne, or
for o glven fucel congumptlion 1s tho factor of importance =
thon o 3ear-drlven propvellor ig recommended, the reduction -
rntio of which 1g determined by the maximum allowable pro=
peller diometor. The propeller specd will then be about
600 to 1,000 revolutions per minute.

Trenslation by S. Relss,
Natlonnl Advisory Conmittee
for Aeronsautics.
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a functlon of the propeller revolution speed. Propeller
efficlency as a function of the speed.
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Flgure Y.~ Maximum climb velocity of a powered gllder with

20 hp. englp~ as a functlon of the propeller .
revelution speed. Effeet of using a gear, and propellelr
dlameters for 20 and 40 hp.
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